Purpose: To unravel the role of interleukin (IL)-6 and insulinlike growth factor (IGF)-I receptor (IGFIR) in expressing stemnessrelated properties and to evaluate the prognostic values of pluripotent transcription factor OCT4/NANOG, and IGFIR in hepatocellular carcinoma (HCC).
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer, and the third leading cause of cancer-related mortality worldwide (1) . Surgical resection can be curative in the early stages of HCC, but the risk of recurrence remains high. As tumor stemness properties are related to HCC recurrence (2) , investigating the mechanisms responsible for the expression of tumor stemness could lead to strategies to prevent tumor recurrence and to improvements in the efficacy of HCC treatment.
Clinical and epidemiologic studies have identified a clear relationship between chronic hepatic inflammation and HCC pathogenesis (3) . The inflammation associated with chronic hepatitis B virus (HBV) infection contributes to HCC (4) . Following HBV infection, Kupffer cells activate nuclear factor-kB and secrete inflammatory cytokines, such as tumor necrosis factora, interleukin (IL)-8, IL1b, and IL6 (5) . Meanwhile, the HBV X protein (HBx) can stimulate IL6 expression in hepatocytes and HCCs (6) . A clinical association between IL6 and HBV-related HCC (HBV-HCC) has been previously reported. It has been shown that IL6 controls early gene expression in HBV infection (5) , and that a high serum level of IL6 can predict future HCC development in patients with chronic hepatitis B (7). It was recently suggested that aberrant IL6-mediated signaling can transform hepatic progenitor cells in HBx transgenic mice (8) , and that aberrant IL6-mediated signaling is responsible for liver progenitor/stem cells giving rise to cancer (9) . In addition, it has been demonstrated that CD24 þ liver tumorinitiating cells can drive self-renewal and tumor initiation through STAT3-mediated NANOG regulation (10) . These observations highlight the association between IL6 and stemness, which may include octamer 4 (OCT4)/NANOG expression, in HBV-induced liver tumorigenesis. In addition to stimulating IL6 secretion (6) , HBV is highly associated with the expression of both insulin-like growth factor (IGF) and the IGFI receptor (IGFIR) in HCC (11) (12) (13) (14) (15) . Activation of IGFIR has been shown to promote HCC development (16, 17) ; interestingly, the upregulation of IGFIR and its downstream Akt signaling is predominantly confined to HBV-HCC (13) .
HBV apparently links the endocrine signals of both the IL6 and IGFIR in HCC formation. However, the relationships among IL6, IGFIR-mediated signaling, and pluripotency-related gene expression (OCT4 and NANOG) in HBV-HCC are unclear. The purpose of this study was to investigate the interplay among IL6, IGFIR, and OCT4/NANOG expression and the clinical significance of these relationships. Here, we show that the upregulation of IGFIR, OCT4, and NANOG expression is associated with HCC recurrence and occurs predominately in patients with HBV-HCC. We found that patients with HBV-HCC have a higher serum level of IL6, and the IL6 increases the expression of autocrine IGFI and IGFIR, which then promote expression of the transcription factors OCT4 and NANOG in a STAT3-dependent manner. This study highlights the significance of IL6-IGFI/IGFIR-mediated signaling as a potential therapeutic target for individualized adjuvant therapy for patients with HBV-related HCC.
Materials and Methods

Cell lines and HCC tissues
The Hep3B (HBV Fig. S1 ). The mean follow-up duration was 32.43 months (range, 1.2-106 months). Our study was approved by the Institutional Review Board of Chang Gung Medical Foundation. The study was conducted according to the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK) guideline (18) and a retrospectively analysis, pathologic evaluation, and statistical analysis plan. The REMARK guideline was shown in Supplementary  Table S1 .
RNA isolation and real-time quantitative reverse-transcription PCR
Cell lines and frozen HCC tissues were subjected to total RNA isolation followed by real-time quantitative reverse transcription-PCR (qRT-PCR). Detailed descriptions are provided in the Supplementary Materials and Methods.
Western blot analysis
Proteins from the human HCC tissues and the cell lines were extracted with lysis buffer containing 0.1% SDS, 0.1% Nonidet P-40, 0.5% Sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, and 10 mmol/L Tris-HCl (pH 7.5) with a protease inhibitor cocktail (Roche Diagnostics). Detailed descriptions are provided in the Supplementary Materials and Methods.
Detailed descriptions of the RNA isolation, real-time qRT-PCR analysis, Western blotting, immunohistochemical staining, dual luciferase assay, shRNA and lentivirus production, flow cytometry for side population cells, tumor sphere formation assay, xenograft tumor model, enzyme-linked immunosorbent assay (ELISA), and statistical analysis are provided in the Supplementary Materials and Methods.
Translational Relevance
This study shows that patients with hepatitis B virus (HBV)-related hepatocellular carcinoma (HBV-HCC) exhibit a high rate of concurrent expression of interleukin (IL)-6 in sera, and OCT4, NANOG, and insulin-like growth factor (IGF) I receptor-(IGFIR) in primary tumors. We found the IL6-IGFIR signal mediates the expression of stemness-related properties that are associated with early recurrence and poor prognosis in patients with HCC. The IL6 stimulates the expression of IGFIR and autocrinal IGFI STAT3 dependently in HBV-HCCs. Blockage of IGFIR signal by IGFIR-specific short hairpin RNA (shRNA) or IGFIR phosphorylation inhibitor PPP suppresses the IL6-induced stemness-related properties in vitro and in a xenograft mouse model. These results suggest that IL6-IGFIR signal is a potential target for individualized adjuvant therapy and preventing early tumor relapse of HBV-HCCs.
Results
Positive correlation between OCT4 and NANOG mRNA expression and IGFIR mRNA expression in human HCC tissues
To examine the associations between OCT4, NANOG, and IGFIR mRNA expression in human HCC, the tumor tissue (T) and adjacent peritumor tissue (PT) from 191 frozen tissue samples were analyzed using real-time qRT-PCR. As shown in Supplementary Fig. S2 , mRNA levels of IGFIR were significantly correlated with mRNA levels of both OCT4 (R ¼ 0.7281; P < 0.0001) and NANOG (R ¼ 0.7144; P < 0.0001).
The expression levels of OCT4, NANOG, and IGFIR were also compared among patients with HCC infected with hepatitis C virus (HCV), HBV, HBV and HCV (BC), and those with neither HBV nor HCV (NBNC). The patients with HBV-HCC had significantly higher levels of OCT4, NANOG, and IGFIR mRNA compared with patients with HCV-HCC ( Fig. 1A ; P < 0.001 for all comparisons). When the 191 patients with HCC were divided into high (gene expression level of T/PT ! 2) and low expression groups (gene expression level of T/PT < 2), the patients with HBV-HCC showed significantly higher rates of synchronous high expression of OCT4, NANOG, and IGFIR mRNA (Table 1 ; P ¼ 0.038).
Association of OCT4, NANOG, and IGFIR expression with early tumor recurrence in human HCC
The clinical relevance of OCT4, NANOG, and IGFIR expression on the early tumor recurrence (within 2 years) of HCC was examined on the basis of the gene expression levels (either high [T/PT ! 2] or low [T/PT < 2]) of these three genes in the 191 patients with HCC ( Table 2 , Fig. 1B , and Supplementary Fig. S3 ). Univariate analysis revealed that expression of OCT4 (P < 0.001), NANOG (P < 0.001), IGFIR (P < 0.001), and high expression of all three genes (P < 0.001) were significantly associated with early tumor recurrence ( Table 2) . HBV (P ¼ 0.005), HCV (P ¼ 0.029), tumor-node-metastasis (TNM) stage, microvascular/macrovascular invasion, satellite nodules, and tumor size (P ¼ 0.001) were also significantly associated with early tumor recurrence ( Table 2) . Multivariate analysis also demonstrated that expression of OCT4 (P ¼ 0.012), NANOG (P ¼ 0.013), IGFIR (P < 0.001) and all three genes (P ¼ 0.001) were significantly associated with early tumor Figure 1 . Correlation of the expressions of OCT4, NANOG, and IGFIR/p-IGFIR with the recurrence of human HCC. A, correlations of transcriptional levels (ÀDDCt of tumor/ peritumor) of IGFIR with OCT4 or NANOG in HCC tumor samples (T) and adjacent peritumor liver tissues (PT) from patients without HCV or HBV (NBNC, n ¼ 13); patients with HBV-HCC (HBV, n ¼ 73); patients with HCV-HCC (HCV, n ¼ 81); and dually infected patients (BC, n ¼ 24). Relationships between the viral etiologies and the transcriptional levels of OCT4, NANOG, and IGFIR are shown.
ÃÃÃ , P < 0.001 by the Mann-Whitney U test. B, the Kaplan-Meier curves of time-to-early tumor recurrence after HCC resection for the transcriptional levels of OCT4, NANOG, and IGFIR in human HCC tissues (n ¼ 191). After normalization with the corresponding peritumor (PT) tissue sample, the tumor (T) tissues that expressed low levels (T/PT < 2-fold) of OCT4 (n ¼ 143), NANOG (n ¼ 150), or IGFIR (n ¼ 137) were compared with tumor tissues that expressed high levels (T/PT ! 2-fold) of OCT4 (n ¼ 48), NANOG (n ¼ 41), or IGFIR (n ¼ 54). The Kaplan-Meier curves of time-to-early tumor recurrence for the patients with HBV-HCC and HCV-HCC following hepatectomy was also shown based on the Peto-Peto-Prentice test. C, top, the immunohistochemical staining of OCT4, NANOG, and p-IGFIR in one representative tissue sample from patient with HBV-HCC (bar, 50 mm). Bottom, the significant positive correlations between OCT4 and NANOG protein levels with p-IGFIR in human HCC tissues by immunohistochemical staining (n ¼ Table S2 ). Concurrent high expression of all three genes was also correlated with the presence of microvascular invasion (P ¼ 0.037) and satellite nodules (P ¼ 0.008; Supplementary Table S2 ). There was also a significant difference between patients with HBV-HCC and patients with HCV-HCC in early tumor recurrence ( S6 ). Because of the lack of an external database of pluripotent transcriptional factor OCT4 and NANOG expression in HCC, we randomly divided our samples into two equal groups, the trained samples and the validation samples, to examine whether the associations between biologic measures and mortality were valid in our proposed model. As shown in Supplementary Fig. S6 , there were no significant differences between the observed and predicted survival curves of IGFIR, OCT4, and NANOG (all P > 0.05 by the log-rank test). These results confirmed that our proposed model of mortality assessment through the use of biologic measures is valid.
Positive correlation between OCT4 and NANOG protein expression and IGFIR phosphorylation in human HCC tissues OCT4 and NANOG protein expression levels and the activation of IGFIR by phosphorylation (p-IGFIR) in human HCC tumor tissues were examined by immunohistochemical staining (Fig.  1C) . Figure 1C shows the immunohistochemical staining of OCT4, NANOG, and p-IGFIR in tumor and peri-tumor samples from one representative patient with HBV-HCC. The level of p-IGFIR positively correlated with the levels of OCT4 (R ¼ 0.2377; P ¼ 0.0285) and NANOG (R ¼ 0.2151; P ¼ 0.048) in HCC tumor tissues ( Fig. 1C; n ¼ 85) . The expression of p-IGFIR/IGFIR, OCT4, and NANOG proteins in the tumor tissues was verified using Western blotting (Fig. 1D) . These results highlight the association between IGFIR activation and expression of the pluripotent transcription factors OCT4 and NANOG in human HCC.
IGFI and IGFIR regulate expression of OCT4 and NANOG in HBV-related human HCC cells
As the patient with HBV-HCC population displayed a greater proportion of patients with concurrent high expression of OCT4/ NANOG and IGFIR (Table 1) , and there is a positive correlation between the level of p-IGFIR (IGFIR activation) and OCT4/ NANOG expression in HCC (Fig. 1C) , we examined the effect of IGFI, a high-affinity ligand of IGFIR, on OCT4 and NANOG expression in HBV-HCC cells. We used human HCC cell lines that contain (Hep3B and HepG2.2.15) or do not contain (Huh7) the HBV genome. mRNA levels of OCT4 and NANOG were measured using qRT-PCR. As shown in Supplementary Fig. S7 Fig. 2A) . In addition, we performed experiments using shRNAs to knockdown the expression of the endogenous IGFIR protein (shIGFIR#1 and shIGFIR#2) and found that shIGFIR significantly suppressed the IGFI-induced OCT4 and NANOG expression in Hep3B (Fig. 2B ) and HepG2.2.15 cells (Supplementary Fig. S8A ). We also found that IGFI significantly increased the number of secondary tumor spheres of Hep3B and HepG2.2.15 cells in a serum-free medium, and that this effect was suppressed by either PPP (an IGFIR phosphorylation inhibitor) or shIGFIR#2 ( Fig. 2C and Supplementary Figs. S8B and S8C). The IGFI effect on stemness-related properties was further supported by a side population assay, in which IGFI increased the percentage of Hep3B cells with the side population phenotype, and shIGFIR#2 significantly suppressed this effect of IGFI ( Fig. 2D and Supplementary Fig. S9 ). These results suggest that IGFI and IGFIR may regulate the expression of OCT4 and/or NANOG in human HBV-HCC cells.
IL6 activates the expression of IGFI, IGFIR, and OCT4/NANOG in HBV-related human HCC cells IL6 has been associated with the expression of genes that contribute to cancer stemness in HCC (7-9). We detected significantly higher levels of IL6 in the serum from patients with HBV-HCC compared with serum from patients with HCV-HCC (Fig. 3A, top) . Patients with HCC who displayed high levels of OCT4 and NANOG expression also had significantly higher serum levels of IL6 (Fig. 3A, bottom) , and the patients with high serum IL6 levels exhibited early tumor recurrence Fig. 3C, top) . Additional studies demonstrated that IL6 dose-dependently increased the protein levels of secreted IGFI, IGFIR, OCT4, and NANOG in Hep3B cells (Fig. 3C, bottom) . The effect of IL6 on IGF/IGFIR and OCT4/NANOG expression was STAT3-dependent, because the JAK/STAT3 inhibitor AG490 (Fig. 3C, bottom) or S3I-201 ( Supplementary Fig. S10 ) significantly suppressed the effects of IL6. Coomassie blue staining of the SDS-polyacrylamide gels shown in the bottom of Fig. 3C served as the loading control ( Supplementary Fig. S11 ). Xenograft experiments also showed that IL6 strongly increased the expression of both IGFI and OCT4, and to a lesser extent, NANOG, in Hep3B-derived tumors in vivo (n ¼ 10). As shown in Fig. 3D , immunohistochemical staining of IL6-treated Hep3B tumors displayed higher levels of IGFI, OCT4, and NANOG protein than and NANOG expressions and serum IL6 levels in human HCC. The differences in serum levels of IL6 between patients with HCC with low OCT4 expression (T/PT < 2-fold; n ¼ 95) and high OCT4 expression (T/PT ! 2-fold; n ¼ 25), and between patients with HCC with low NANOG expression (T/PT < 2-fold; n ¼ 102) and high NANOG expression (T/PT ! 2-fold; n ¼ 18) are shown. By the Mann-Whitney U test. B, the significantly early tumor recurrence of patients with higher serum IL6 levels by the Kaplan-Meier analysis is shown (cutoff IL6 concentration is 150 pg/mL). P ¼ 0.011. C, top, effects of IL6 (50 ng/mL) on IGFIR and OCT4 protein expressions in HBV 
IL6 increases stemness-related properties through IGFIR activation in HBV-related human HCC cells
To examine whether IL6 regulates the stemness properties of HBV-HCC cells through the activation of IGFIR, RNA interference of endogenous IGFIR expression was performed. We found that the shIGFIRs suppressed the IL6-induced expression of OCT4 and NANOG in HBV þ Hep3B (Fig. 4A) and HepG2.2.15 cells (Supplementary Fig. S13A ). IL6 treatment also increased the number of secondary tumor spheres (Fig. 4B, top and Supplementary Figs. S12 and S13B) and side population cells (Fig. 4B, bottom and Supplementary Fig. S14 ) of HBV-HCC cells; this effect of IL6 was suppressed by the addition of either PPP or shIGFIR. The xenograft experiments (Figs. 4C and Supplementary Fig. S15 ) provide additional support that the downstream effect of IL6 induces stemness via activation of IGFI/IGFIR signaling. In the xenograft experiments using 1 Â 10 6 Hep3B cells for implantation, more tumors formed in IL6-treated mice than in PBS-treated mice (Supplementary Table S4 ). The risk of tumor formation significantly increased when !5 Â10 6 cells were implanted (Supplementary Table S5 ; HR, 5.53; P < 0.001). In addition, immunohistochemical analysis showed strong OCT4 and NANOG expression in IL6-treated tumor cells ( Fig. 4C; IL6  panel) . Importantly, PPP markedly suppressed the IL6 effect on tumor growth (Supplementary Fig. S15 ; IL6þPPP vs. IL6) as well as OCT4/NANOG expression in Hep3B-derived tumors ( Fig. 4C ; panel of IL6þPPP vs. IL6). The strong correlation between IL6 and IGFIR/OCT4/NANOG was further supported by clinical observation. When compared with patients exhibiting low expression of all three genes, patients exhibiting high expression of the three genes had significantly higher serum levels of IL6 (Fig. 4D) . These results suggest that IL6 increases pluripotency-related gene expression, particularly for OCT4, in HBV-HCC cells through the activation of IGFI/IGFIR signaling pathway.
Discussion
The expression of pluripotency-related genes in tumors, such as OCT4 and NANOG, has been linked to poor prognosis and drug resistance (19, 20) . However, the mechanisms regulating cancer stemness expression and tumor recurrence in HCC remain unclear. There is a definite causal relationship between inflammation and HCC, and the upregulation of certain inflammatory cytokines induced by HBV or HCV may contribute to hepatocarcinogenesis (21). However, the pathogenesis of HCC may vary among different etiologies. For example, a previous report showed that HCV infection can activate WNT signaling (13) . The current work demonstrates that IL6 induces the IGFIR-mediated upregulation of OCT4 and NANOG expression, which is associated with early tumor recurrence in patients with HBV-HCC. This heterogeneity in the molecular pathogenesis and signaling pathways may contribute to the suboptimal efficacy of current therapies for HCC (22, 23) . A better understanding of the different etiologies and their diverse mechanisms that drive tumorigenicity and/or tumor recurrence is crucial for the optimization of individualized therapy for HCC.
The mechanism for HBV-induced expression of pluripotencyrelated genes in cancer is still to be determined. Studies using a cell model of hepatoblastoma suggest that it occurs through activation of the HBx protein (24) , while other studies suggest it occurs via hepatic progenitor cell activation (8, 25) . How HBV induces pluripotency gene expression in differentiated HBV-infected hepatocytes still remains largely unknown. The clinical observation shows that patients with HCV-HCC and BC-HCC present lower expression levels of OCT4, NANOG, and IGFIR compared with patients with HBV-HCC (Fig. 1A) . As HBV is frequently suppressed by HCV in dual HBV and HCV hepatitis (26) , the fact that patients with BC-HCC expressed lower OCT4, NANOG, and IGFIR than did patients with HBV-HCC indirectly supports a role for HBV in OCT4, NANOG, and IGFIR expression, and emphasizes the etiologic differences that contribute to the prognosis of patients with HCC (12) .
Niche environment might play a critical role in cell fate determination. Our current findings support an upstream role of HBVinduced inflammation in the development of stemness-related properties in HBV-HCC through IL6-induced IGFI/IGFIR expression. The direct transactivation of IGFIR by IL6 was recently reported in prostate cancer (27) . However, unlike prostate tumorigenesis, we found that IL6 did not directly transactivate the phosphorylation of IGFIR in Hep3B cells in either our IGFIR phosphorylation experiments ( Supplementary Fig. S16 ) or in pull-down assays (data not shown). In contrast, our results showed that IL6 activates IGFIR through STAT3-dependent increases in IGFI and IGFIR expression, and that IGFIR activation mediates the OCT4/NANOG expression in Hep3B cells. In support, studies of human embryonic stem cells and pluripotent mouse germ line stem cells demonstrated the role of IGFIR signaling in maintaining stemness (28) (29) (30) . However, in contrast to the previous report that showed that NANOG-positive HCC cells may be IGFIR-mediated (31), we found that p-IGFIR levels were significantly correlated with OCT4 levels in HBV-HCC tumor tissues ( Supplementary Fig. S17A) ; but, were even more significantly correlated with NANOG levels in HCV-HCC tumor tissues (Supplementary Fig. S17B ). This result was further supported by our experiments using a xenograft tumor model that demonstrated the role of IGFIR activation as a dominant signal for IL6-induced stemness, particularly for OCT4, in HBV-HCC tumors (Fig. 4C) . These results highlight the association of IGFIR activation with the expression of the different pluripotent transcription factors OCT4 and NANOG in etiologically different cancers.
Despite the large CD133-positive population in Hep3B cells, the tumor-formation efficiency was relatively low in mice that did not receive treatment of IL6 (Supplementary Table S4 ) or IGFI (data not shown). This result suggests a role for IL6 in stimulating HCC cell proliferation during the early stages of HCC. Furthermore, as IL6 is the principle cytokine in liver inflammation, the effects of IL6 may explain the lower incidence of HCC in patients with inactive carrier status compared with those with chronic active HBV hepatitis (3) . When a larger number (1 Â 10 7 ) of Hep3B cells were implanted, the IL6 treatment increased cell proliferation only slightly while the expression of OCT4 increased significantly ( Fig. 4C and Supplementary Fig. S15 ). These findings suggest that the IL6-induced pluripotency-related gene expression may have less effect on tumor proliferation with increasing tumor burden in late-stage HCC. The downstream IGFIR activation in IL6-induced OCT4/NANOG expression in HBV-HCC cells was also examined in the xenograft model using a low-dose PPP (1 mg/mL) treatment (16) to prevent cell apoptosis in the IL6-induced tumors. The low-dose PPP treatment not only reduced tumor size, but also markedly suppressed the IL6-induced expression of OCT4/NANOG in the tumors (Fig. 4C and Supplementary  Fig. S15 ). These findings support the fact that activation of IGF/ IGFIR mediated the downstream signaling in IL6-induced OCT4/ NANOG expression in vivo.
The mechanisms regulating HCC recurrence are still largely unknown. The patients with HBV-HCC in our study displayed higher expression levels of pluripotency-related genes, especially of OCT4 and IGFIR, and tended to have early tumor recurrence (Fig. 1B) and worse OS ( Supplementary Fig. S4 ) following hepatectomy. The significant impact of OCT4 and/or NANOG overexpression on tumor recurrence suggests that upregulated OCT4/ NANOG confers the ability to micrometastasize. This association between pluripotency-related gene expression and micrometastasis of HBV-HCC is supported by the observation that NANOGpositive HCC cells expressed higher metastatic ability (31) .
Although the disappointing preliminary results from clinical trials using IGFIR-specific monoclonal antibodies have raised doubts regarding the future of IGFIR inhibition in various cancers (32) (33) (34) , several alternate approaches deserve attention. The blockage of IGFIR in HCC was shown to induce adoptive responses, such as upregulation of the epidermal growth factor receptor, thus emphasizing the rationale for cotargeting more than one signaling (35) . Another approach is to facilitate HCC personalized therapy for treating IGFIR by incorporating biomarker data that have been under intense investigation (36) . Although no optimal biomarkers have been identified for HCC thus far, our results suggested that IGFIR signaling inhibition might work more effectively in the subset of HCCs associated with HBV infection.
In summary, HCC has a high rate of recurrence following treatment. Effective strategies for the prevention of HCC recurrence are needed to improve the prognosis of patients with HCC (37) . In this study, we demonstrated that the inflammatory cytokine IL6 stimulates the autocrine IGF loop to activate IGFIR, and initiates OCT4 (and/or NANOG) expression in HBV-HCC cells (Fig. 4E) . The IL6-induced expression of OCT4 and/or NANOG is primarily limited to patients with HBV-HCC, and is associated with early tumor recurrence. Our findings suggest that targeting both the IL6 and IGFIR signaling pathways would be the future strategies to improve individualized adjuvant therapy and prevent early tumor recurrence for patients with HBV-HCC.
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